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don, 1964). Associated with these deposits are black, organic-
rich, and commonly metalliferous shales; biogenic chert; and
carbonate rock with fossils of open-ocean organisms such as
planktonic foraminifera.

Not all phosphate deposits have these rock type associations.
Exceptions include some important deposits, such as the Ra-
jasthan deposit of India (Banerjee, 1971) and the Florida and
North Carolina deposits of the United States (Cathcart, 1968;
Riggs, 1979). The Florida and North Carolina deposits were
formed at low latitudes but were not the result of strong up-
welling ocean waters. Their deposition may have been asso-
ciated in one way or another with the Gulf Stream or a coun-
tercurrent to it (Gibson, 1967), but it is not clearly understood.

Other mineral deposits that form in the continental shelf
marine environment are sedimentary zeolites. These zeolites,
such as clinoptilolite, are aluminosilicate minerals of the alkalis
and alkaline earths that have unique properties that make them
technologically useful. In the agricultural and animal husban-
dry industries, they are used as soil amendments, dietary sup-
plements for poultry and swine, deodorant and desiccator for
animal wastes, and purifying agents for recirculating hatchery
waters in aquaculture. Other industrial utilization of natural
zeolites includes the production of high-purity oxygen from air,
removal of water and carbon dioxide from sour natural gas,
purification of methane from decaying garbage in landfills, re-
moval of ammonia from sewage, and preparation of catalysts
for hydrocarbon conversions. Other technological opportuni-
ties for utilization of natural zeolites clearly exist.

Major deposits of zeolites occur in continental shelf sedi-
ments and are exemplified by deposits in Japan (Utada, 1970;
lijima and Utada, 1972). When fine-grained volcanic ash is
deposited on the shelf or on land and subsequently is washed
onto the continental shelf by streams, chemical alteration in
the marine environment transforms the ash into zeolite min-
erals. Shelf sediments in Japan contain deposits that are many
meters thick and widely distributed.

Midocean Ridge and Graben Deposits

Manganiferous muds have recently been found in low areas in
the mid-Atlantic ridge and graben system (Rona et al, 1976)
and associated with margins of the Nazca plate in the Pacific
(Field et al, 1976), The Mn seems to be associated with the
leaching of basalt by heated seawater at divergent plate bound-
aries. The resulting subsea thermal springs mix with normal
seawater, causing the precipitation of relatively pure mangan-
iferous oxides. Maganese deposits of this origin are represented
in the geologic record in what were formerly known as eugeo-
synclinal deposits but are now recognized to be seafloor sed-
iments accumulated in a large pile at convergent plate bound-
aries.

Deep-Sea Deposits

Metal-rich nodules on the floor of deep-ocean basins consist of
nodules ranging in size from a few millimeters to several tens
of centimeters. Some areas contain so many nodules that they
touch one another to make a continuous pavement (Horn et

al.y 1976). In one area of about 2600 square kilometers, the
nodules contain an average of more than 25 percent Mn, 1.0
percent Cu, 1.0 percent Ni, and 0.25 percent Co; other metals
are also present. Iron occurs in substantial amounts, but it
probably would not be economically recoverable. Preliminary
exploration indicates large tonnages of nodules on the ocean
floor. Dredging of the nodules from great depths and extraction
of the metals from the nodules will require development of
innovative mining and metallurgical technology (Dorr et al,,
1973).

Some ancient marine sedimentary rocks have been inter-
preted to have been deposited in a deep-sea environment.
Rocks of this type in Nevada contain commercial deposits of
barite, which is used in large volumes in oil-well drilling fluids.
Although there is considerable scientific uncertainty as to the
mode of formation of these deposits, it is thought that the Ba
was most likely discharged from submarine springs and reacted
with sulfate in the seawater to form barite. The association of
the barite with sedimentary rocks of deep-sea origin furnishes
the geologist with a set of criteria that can be used in the search
for mineral deposits elsewhere in the world (Shawe et al.,
1969).

MARINE  EUXINIC ENVIRONMENT

Euxinic (reducing and sulfide-rich) conditions occur in two ma-
rine geographic environments;

1.  On the continental shelf at depths corresponding to the
free-oxygen-minimum layer of the ocean water column, which
is at present in the interval from about 400 to 800 m below sea
level

2.   In restricted basins along the ocean edge.

Continental Shelf Deposits

Black shales are associated with phosphate rocks deposited in
normal marine environments. Some black shales as well as
significant amounts of the phosphate rock are deposited in the
euxinic marine environment. The phosphate mineral is stable
in an alkaline-reducing environment, whereas black shale is
stable in an acid environment. The separation of the black shale
and the phosphorite facies is through variations in pH (Sheldon,
1963, pp. 146-147). The metal content of both the black shale
and the phosphorite is high, so that both constitute a small
current by-product source of V and U and a potential source
of many other metals including Co, Ni, and rare earths.

Restricted Basin Deposits

Iron-rich sediments were formed in the normal-marine, re-
stricted-basin, and ocean-edge environments. Such environ-
ments commonly alternate between oxidizing and reducing,
thereby profoundly affecting the sedimentary-Fe facies. In the
euxinic environment the Fe-rich sediments contain Fe car-
bonate, ferrous silicates, Fe sulfides, and perhaps magnetite.
Black shales that are rich in U and other trace metals have
been deposited in widespread, broadly restricted, epiconti-